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Key-message 
Pith diameter is a good parameter to solve dating 

architecture problems. 

Abstract  

Plant architecture can be used to study plant 

development retrospectively thanks to time-dependent 

morphological markers, particularly those 

corresponding to the winter break in temperate regions. 

The Aleppo Pine and the Turkish Pine are polycyclic 

species, thus they usually develop several consecutive 

growth units per year, making it sometimes difficult to 

date them. In this study we show that keeping track of 

the pith diameter profile, in order to date each shoot, is 

an efficient method. The pith diameter is larger on the 

first growth unit than on the last growth unit of the year. 

Moreover, a pairwise comparison showed that the pith 

diameter undergoes a decrease along the annual shoot 

from the first growth unit to the last. As pith diameter 

decreases upwards the annual shoot, it can be used for 

dating. Pith diameter progresses from one year to 

another too: there is an increase in the early years of 

life, corresponding to the tree’s establishment phase.  

Lastly, we found a positive relationship between the 

basal pith diameter of an annual shoot and its length. 

The variability around this relationship could reflect 

environmental conditions, especially climate conditions. 

 

Keywords Pinus halepensis · Pinus brutia · Pith 

diameter · Plant architecture · Annual growth · 

Polycyclism 

 
Introduction 

There are two main ways of monitoring plant 

primary growth. The first consists of repeated 

measurements spread over time. However, this method 

would require decades of follow-up for large trees. The 

second method consists in retrospectively rebuilding 

plant development using morphological markers. Under 

contrasting climate seasons, such as temperate climates, 

seasonality can result in stops or slowdowns in the 
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activity of plants (Sabatier and Barthélémy 1999; 

Heuret et al. 2006). Consequently, plants exhibit a 

succession of active and inactive growth phases. The 

portion of an axis elongated in an active phase is called 

a growth unit (GU) and the portion elongated in a year 

is called an annual shoot (AS). An annual shoot can be 

segmented into one GU (the AS is then monocyclic) or 

several GUs, the AS is then polycyclic. On this study, 

polycyclism and monocyclism has to be understood as 

defined in Barthélémy and Caraglio 2007: they should 

not be confused with prolepsis (branches develop right 

after the end of their organogenesis, then after the end 

of the elongation of their mother axis) and syllepsis 

(branches develop simultaneously with their mother 

axis). Depending on the species, the GU or the AS can 

be identified by external markers such as shorter 

internodes, scars from bud scales or branching (Thabeet 

et al. 2009; Girard et al. 2011; Taugourdeau et al. 2012). 

These markers can be used to mark out and date GUs 

and ASs and then allow the retrospective reconstruction 

of tree development in a non-destructive way. It 

provides information for studying ontogenetic growth 

trajectories and more generally temporal growth 

variability. It is therefore important to identify reliable 

markers for species of interest. Variations in stem pith 

size result from primary meristem activity: the 

alternance of extension and cessation periods. 

Flowering, branching, as well as shoot mortality, may 

be detectable from the pith size (Longuetaud and 

Caraglio, 2009). During plant life, endogenous trends in 

tree development have been revealed from the size and 

the morphology of annual shoots (Heuret et al. 2006, 

Guédon et al. 2007).  

Longuetaud and Caraglio (2009) highlighted the fact 

that pith is a good marker of primary growth in Norway 

spruce (Picea abies (L.) Karst.). As pith diameter is 

larger at the base of the AS, it greatly helps in 

delimiting ASs. Although Norway spruce is 

monocyclic, whereas this study’s species were 

polycyclic, we suspect that the pith diameter pattern 

observed for Norway spruce also holds for our species. 

Thus, pith diameter would help in dating GUs and 

identifying ASs in order to improve our understanding 

of polycyclism and to describe architecture. 

 

Aleppo Pine (Pinus halepensis Mill.) and Turkish 

Pine (Pinus brutia Ten.) are two close species of great 

abundance (Nahal 1962; Nahal 1983; Nahal 1984) in the 

Mediterranean region. GUs of these species are 

relatively easy to identify thanks to scars left by bud 

scales (once fallen) at the bottom of the GU. Moreover, 

GUs usually end in a pseudo-whorl of branches: GUs 

are acrotonous (Leroy and Caraglio 2003; Barthélémy 

and Caraglio 2007; Caraglio et al. 2007; Millet 2012). 

As studied species are polycyclic, identifying GUs is 

not enough to detect ASs limits. For these species, the 

base of each AS can be identified by narrower and 

clustered scale scars and by longer GUs. However, 

those markers of AS limits are sometimes difficult to 

detect. Therefore, growth analysis of these species 

requires the use of tree rings to confirm AS dating. 

Using tree rings for dating gives rise to two issues: this 

method is destructive and is not easily performed at the 

top of the AS because the central ring is thinner.  

Our hypothesis is that the morphological trends 

observed during annual growth and during tree life are 

reflected in variations in pith size as a proxy of 

meristem size.  In our study we measured pith diameter 

in ASs of Aleppo Pines and Turkish Pines growing in 

the same plantation located in the South of France. We 

developed a method to standardize pith measurements 

and address the following questions. (i) Does the pith 

Author-produced version of the article published in Trees, 2015, 29 (6), 1827-1836. 
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Figure 1 De Martonne aridity index during the years of 
the study 

The annual De Martonne index is calculated as follows: 
�

����
 where P is the annual rainfall in mm and T the mean 

annual temperature in °C. It appears that the years 2002 and 
2008 where wet years, whereas 2004 to 2007 was a semiarid 
period. 

diameter decrease upwards the GU of a given AS? (ii) 

How can the pith diameter profile be used to analyse 

retrospectively the variability in primary tree growth?  

 

Materials and methods 

 

Study site 

 

We worked in a comparative plantation (Project 

FAIR CT95-0097) of pine and cedar provenances at 

Aix-en-Provence (43°30’34.87"N, 5°24’23.95"E) in 

southeastern France. The stand consisted of a regular 

plantation (1 m ×1 m) of 1-year-old seedlings that had 

grown for a year in a nursery, in 1997. The pine 

provenances were Port-Cros (France) for Aleppo Pine 

and Anamur and Orhaneli (both in Turkey) for Turkish 

Pine. The climate was sub-humid Mediterranean with a 

cool winter (Ripert and Vennetier 2002). For the 1997-

2011 period, the average rainfall was 580 mm per year 

and the mean annual temperature was 14.3°C (5°C for 

the coldest month and 24°C for the hottest month), 

according to the MétéoFrance station at Aix-en-

Provence, located 2.5 km from the site. Figure 1 plots 

the annual De Martonne aridity index (de Martonne 

1926) for the period of this study. It appeared that the 

stand had experienced contrasting years in terms of 

climate: the years 2002 and 2008 were humid, whereas 

2004 to 2007 were semiarid. The study site was an 

alluvial terrace close to the Arc river with a permanent 

water table between one and two metres in depth, and it 

belonged to the best fertility class for Aleppo Pine on 

the French scale (Vennetier et al. 2010). 

 

Data acquisition 

 

Eight Aleppo Pines and 12 Turkish Pines (6 from each 

provenance) were randomly selected in October 2011. 

The trees were cut down and we measured the length of 

each GU along the trunk in the field (GUs were located 

using pseudo-whorl branch positions). We also sampled 

a cross-section in the middle of each GU. The slices 

thus obtained were sanded with a grain of 60 and 

scanned at 300 dpi. Then we measured the pith diameter 

following these four steps (Figure 2): 

1. Locating of the pith boundary along 4 radii 

(chosen manually, as orthogonal as possible 

including the largest and the smallest radius). 

2. Conversion of the coordinates of the points into 

polar coordinates. 

Author-produced version of the article published in Trees, 2015, 29 (6), 1827-1836. 
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Figure 2 Pith diameter measuring method 

The coordinates of the points are converted from Cartesian coordinate system (step 1) into the polar coordinate system (step 3). 
The center of the polar coordinate system is determined by the intersection of the four radiuses (r1, r2, r3 and r4). The points are 
then joined by a linear interpolation (function (�) : the distance of the pith limit as a function of the angle � on the polar 
coordinate system) and the area 
 and the diameter � can be estimated by integral calculus. 

Equation 1 Calculation of the matrix for the pairwise 
comparison 

(�, �) ∈ �����, ��, ��, ����, ��, �����
�, n���is the number of 

cases with i > �, n� ! the number of cases with i = j and n the 

total number of observations: $ = $��� + $� � + $���. The 

minimum value is 0 (� always lower than �), the maximum is 1 
(� always higher than �) and &(�, �) = 0.5. 

&(�, �) =
$��� + 0.5$� �

$
 

3. Joining of all the points by linear interpolation 

in polar coordinates. 

4. Estimation of the pith diameter by integration. 

From the scans, we counted the tree rings in order to 

date each GU and then determine to which AS they 

belonged. 

 

Data analysis 

 

All analyses were performed with R statistical 

software (version 2.15.1; R Development Core Team 

(2012)). 

We only worked on ASs displaying at least 3 GUs. 

Indeed, at such a fertile site for these species, the AS 

develops its two first GUs simultaneously in spring  

(Girard et al. 2011). Up to 3 additional GUs are thus 

frequently observed on the ASs for these species at 

fertile sites. It is therefore likely that an AS with one or 

two GUs corresponded here to an accident (mechanical 

breaks, health problem, etc.). Then for each selected 

AS, we considered the pith diameter of the first (D1), the 

second (D2) and the last GU (DL). We also considered 

for each AS the minimum pith diameter (Dmin), the 

maximum pith diameter (Dmax) and the maximum pith 

diameter of the first two GUs (D1-2). 

In order to test the difference between the pith 

diameter of the first GU and of the last GU, we 

calculated the confidence interval of the mean of the 

ratio D1/DL and of the ratio D1-2/DL. If the confidence 

interval does not include 1, then we concluded that DL 

was significantly different from the diameter of the first 

GU. 

To complete the analysis, we performed a pairwise 

comparison between Dmax, D1, D2, D1-2, DL and Dmin. A 

pairwise comparison enables the ranking of parameters 

from the smallest to the largest (Bradley and Terry 

1952). To do so, we created a square matrix & to 

compare the parameters in rows and in columns. The 

cell &(�, �) reports the comparison between parameter � 

and parameter �, (the calculation is explained in 

Equation 1). The value tested for parameter � is the 

Author-produced version of the article published in Trees, 2015, 29 (6), 1827-1836. 
The original publication is available at http://link.springer.com/ 
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Species Provenance D1/DL  D2/DL  D1-2/DL  
AP PC 1.60 [1.29 - 1.90] (68) 1.45 [1.18 - 1.71] (68) 1.68 [1.39 - 1.98] (68) 

TP 

O 1.80 [1.58 - 2.00] (66) 1.56 [1.36 - 1.76] (66) 1.86 [1.65 - 2.08] (66) 

A 1.76 [1.63 - 1.90] (71) 1.47 [1.36 - 1.58] (71) 1.82 [1.68 - 1.95] (71) 

Whole 1.78 [1.65 - 1.90] (137) 1.51 [1.40 - 1.62] (137) 1.84 [1.72 - 1.96] (137) 

Whole 1.72 [1.59 - 1.85] (205) 1.49 [1.38 - 1.61] (205) 1.79 [1.66 - 1.92] (205) 
Table 1 Average ratio of the pith diameter of the first GU to the pith diameter of the last GU 

AP stands for Aleppo Pine, TP for Turkish Pine, PC for Port-Cros, O for Orhaneli and A for Anamur. The 5% confidence 
level of the average is shown in square brackets. The number of records used for the calculation is indicated in brackets. 
Each ratio is greater than 1, which means that the first GU of the year has a larger pith diameter than the last GU of the year. 
 

mean of row �: the higher the mean is, the better the 

rank of parameter � is compared to the others. 

Finally, we studied the average relation between the 

logarithm of D1-2 and the logarithm of annual shoot 

length performing a linear model (lm function). 

 

Results 

 

The aim of this study was to show that pith diameter is a 

parameter that could be useful in monitoring plant 

architecture. Pith diameter is assumed to be larger at the 

base of the annual shoot and smaller at the top of the 

annual shoot. 

Evolution of pith diameter along the AS: within-year 

variability 

 

Table 1 gives the ratio of the pith diameter of the first 

two GUs (D1, D2 and D1-2) over DL. Each value of the 

table is greater than 1 (the confidence interval does not 

include 1). A second noteworthy point is that for each 

species and each provenance, the ratios were at the same 

level (the confidence intervals overlapped). This shows 

that pith diameter was significantly greater for the first 

two GUs than for the last GU. This trend was the same 

for both species and for the three provenances. 

 Figure 3a plots D1 against Dmax. 61.5% of case 

points were on the dotted line (x = y), which means that 

Dmax was measured on the first GU. In the other cases, 

the points were under this line (D1 < Dmax). For them, 

the average difference between D1 and Dmax was 0.41 ± 

0.43 mm. Similarly, Figure 3b represents DL against 

Dmin. 57.1% of case points were on the dotted line (x = 

y), which means that Dmin was measured on the last GU. 

In the other cases, points were above this line (DL > 

Dmin). For them, the average difference between DL and 

Dmin was 0.35 ± 0.30 mm. 

The frequency of ASs having a DL greater than D1 was 

highly variable (Figure 4), with repeated low values 

from 2003 to 2007 corresponding to the drier period 

(Figure 1). 

Table 2 gives the results of the pairwise comparison, 

ranking GUs in terms of their diameter and in order to 

study their affinity with the maximum and the minimum 

value. It shows that, for each species, the average GU 

rank was always D1>D2>DL. D1-2 was remarkably close 

to Dmax, and DL was quite close to Dmin. 

Moreover, if the pith diameter was always larger for the 

first two GUs, then: 

- &(���� , ����) = 0.5 (because ���� = ����) 

- &(���� , ��) + &(���� , ��) = 1.5 because 

for each AS, ���� was recorded either at the 

first GU or at the second 

- &(���� , ��) = &(���� , ����) = 1 

Author-produced version of the article published in Trees, 2015, 29 (6), 1827-1836. 
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Figure 3 The diameter of the first 
maximum (a) and to the minimum (b) 

The white circles stand for Aleppo Pine, the 
diamonds stand for Turkish Pine Anamur.
the minimum value for fig. 3b. On both figures, all points are close to the line: the first GU of the year has the largest pi
diameter (a) and the terminal GU of the year holds the thinnest pith diameter (b

Figure 4 Distribution and frequency of records 
having DL higher than D

For the period from 2003 to 2007, the frequency of records 
having DL higher than D1 is lower. This period corresponds 
to a semi-arid period.  

onitoring the architecture in Mediterranean pines   

The diameter of the first (a) and of the last (b) growth unit of the annual shoot compared to the 
) and to the minimum (b) pith diameter recorded for this annual

circles stand for Aleppo Pine, the grey squares stand for Turkish Pine Orhaneli provenance and the 
Anamur. The dotted line plots y = x the maximum value for the pith diameter for fig. 3a, 

the minimum value for fig. 3b. On both figures, all points are close to the line: the first GU of the year has the largest pi
diameter (a) and the terminal GU of the year holds the thinnest pith diameter (b). 

 

frequency of records 
higher than D1  

For the period from 2003 to 2007, the frequency of records 
is lower. This period corresponds 

 
 
 
 

Species Provenance Dmax D1

AP PC 0.77 0.54

TP 

O 0.77 0.61

T 0.76 0.65

O + T 0.76 0.63

AP + TP 0.77 0.6

Table 2 Results of the pairwise comparison

AP stands for Aleppo Pine, TP for Turkish
for Orhaneli and A for Anamur. For each species and provenance, the 
values are ordered this way: D1>D2>D
along the AS, D1 is then close to Dmax and D

 

   p. 6 

 

growth unit of the annual shoot compared to the 
pith diameter recorded for this annual shoot 

Pine Orhaneli provenance and the black 
aximum value for the pith diameter for fig. 3a, 

the minimum value for fig. 3b. On both figures, all points are close to the line: the first GU of the year has the largest pith 

1 D2 D1-2 DL Dmin 

0.54 0.49 0.70 0.35 0.15 

0.61 0.45 0.72 0.30 0.15 

0.65 0.46 0.73 0.25 0.15 

0.63 0.46 0.73 0.27 0.15 

0.60 0.47 0.72 0.30 0.15 

Results of the pairwise comparison 

Turkish Pine, PC for Port-Cros, O 
For each species and provenance, the 

L. The pith diameter decreases 
and DL close to Dmin. 

Author-produced version of the article published in Trees, 2015, 29 (6), 1827-1836. 
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Figure 5 Basal diameter of the pith depending on the year 

For each record, the basal pith diameter (D1-2) is divided by the average basal pith diameter of the individual. For the early 
years of life, the pith diameter increases, and then varies around a constant. The increasing phase ended around 2001 (at the 
age of 6) for Aleppo pine and around 2003 (at the age of 8) for each provenance of Turkish pine. 

 

This gives a theoretical pairwise comparison value of: 
-(./01,./01)�-(./01,.234)�-(./01,.2)�-(./01,.4)�-(./01,.5)�-(./01,./67)

8
=

�.9��.9��.9����

8
= 0.75 for ����. In our case, the value for 

���� (0.76-0.77) and the value for ���� (0.70-0.73) 

were close to the theoretical value. 

Change in pith diameter along the trunk: between-year 
variability 
 

Figure 5 plots the D1-2 profile according to the year. 

For each provenance and species, we identified two 

steps. For the first step, the basal pith diameter 

increased from one year to the next. For the second step, 

the basal pith diameter varied around a constant. For 

Aleppo pine, the plateau started around 2001 and for 

Turkish pine it started around 2003. This starting point 

for the second step needs to be compared with the 

appearance of sexual maturity. Indeed, the first cones 

noticed where in 2002 for Aleppo Pine and in 2005 for 

Turkish Pine. Thus, the plateau observed for the pith 

diameter profile appeared to coincide with sexual 

maturity.  

Author-produced version of the article published in Trees, 2015, 29 (6), 1827-1836. 
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Figure 6 Annual shoot length depending on the year 

For each record, the annual shoot length is divided by the average shoot length of the individual. For the early years of life, the 
shoot length increases; this corresponds to the settlement stage. After the settlement phase, the shoot length varies around a 
constant; this correspond to the mature stage. The settlement phase ended around 2001 (at the age of 6) for Aleppo pine and 
around 2003 (at the age of 8) for each provenance of Turkish pine. 

Relation between basal pith diameter and annual shoot 

length 

 

Figure 6 plots the annual shoot length profile 

according to the year. Once again, we found the same 

pattern as that observed for the pith diameter profile: a 

first step corresponding to an increase and then a 

plateau. The transition between these two steps was 

around 2001 for Aleppo pine and around 2003 for 

Turkish pine too. It can be noted that the variations 

during the plateau for pith diameter were quite similar 

to those observed for annual shoot length. 

Figure 7 shows the logarithm for annual shoot length 

according to the logarithm of D1-2. There seemed to be a 

linear correlation between these two parameters. Table 3 

gives the parameters of the linear model fitted to explain 

the logarithm for annual shoot length depending on the 

logarithm for D1-2. The model satisfied the criteria in 

terms of p-value, with R² at around 0.5: there was a 

clear correlation between these parameters, but residual 

variability remained high. 
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Figure 8 Distribution of the residuals of the relation between the annual shoot length and the pith diameter of the first 

growth unit 

The variability of the distribution of the residuals of the relation between annual shoot length and initial pith diameter is reduced 
when the residuals are aggregated by year. This shows that the relation between D1 and AS length is at some point driven by the 
year. 

 
Figure 7 Logarithm of annual shoot length according 
to logarithm of pith diameter. 

The white circles stand for Aleppo Pine, the grey squares 
stand for Turkish Pine Orhaneli provenance and the black 
diamonds stand for Turkish Pine Anamur. The line plots the 
linear model: the AS length increase with D1. 

 model Intercept log(D1-2) Degrees of 
freedom 

R² 

value  3.918 0.553 177 0.4959 

p-value <2e-16 <2e-16 <2e-16   
Table 3 Parameters of the linear model predicting the logarithm of 
annual shoot length 

The model satisfies the criteria (p-value for the parameters and model below 
0.05). R² is around 0.5: this model explains almost half of the total variance. 

 

Figure 8 shows the distribution of the residuals 

depending on the year of the AS. For the three 

provenances, the residuals were mainly below 0 before 

2001. They all showed a peak between 2001 and 2003 

or 2004 followed by a trough lasting two or three years 

from 2004 for Aleppo pine and 2005 for Turkish pine, 

with the decline being limited for the Anamur 

Author-produced version of the article published in Trees, 2015, 29 (6), 1827-1836. 
The original publication is available at http://link.springer.com/ 
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provenance. All provenances peaked again in 2007 and 

2008 before declining up to 2011. Of the three 

provenances, residual interannual variations were more 

confined around 0 for Anamur and maximum for 

Aleppo pine. 

 

Discussion 

Pith diameter is a good marker for dating growth units 

In order to monitor architecture retrospectively via 

primary growth, we showed that measuring the pith 

diameter profile provides useful information. On 

average, the first GU of the year exhibited the largest 

pith diameter of the AS. The pith diameter measured for 

the last GU of the year was often close to the minimum 

pith diameter of the AS. These results show that the pith 

diameter generally decreased along the AS from the 

base to the top of the AS, in accordance with our 

hypothesis and  the results of Longuetaud and Caraglio 

(2009) for Norway spruce. Although there were 

frequent exceptions for individual trees and years, this 

decrease could reflect the fact that GUs are preformed 

in the bud. The first GUs of an AS elongates at the 

beginning of spring (Caraglio et al. 2007; Girard et al. 

2011). The preformation of these GUs occurs from the 

middle of the autumn of the previous year to winter 

(Girard et al. 2011). During organogenesis, there is 

usually no drought stress and little or no primary and 

secondary growth. Soil nutrients, plant reserves and 

water are therefore fully available for preformation: the 

meristem diameter can be large. Conversely, the 

following GU is preformed either at the end of spring, 

simultaneously with active primary and secondary 

growth, or during summer when water stress is usually 

strong in the Mediterranean region. Moreover, during 

summer both species are still active, allocating 

resources to needle growth. Thus competition must be 

strong for resources between bud formation and other 

growth processes. Years with a DL higher than D1 may 

correspond to years with low water stress in spring and 

summer. This is consistent with the lower percentage of 

ASs having a DL higher than D1 in the driest years 

(Figure 4). Indeed, the spring or summer drought was 

more severe for these years. 

At the fertile study site with a water table available at 

depth at least in good years, the summer conditions may 

sometimes have been sufficient for a high level of 

activity. This resulted in a high polycyclism rate (3.40 

for Aleppo pine and 3.84 for Turkish pine). Late 

flushes, when more than 3 were found in an AS, 

appeared at the end of summer or the beginning of 

autumn when rainfall resumed and other growth 

processes were less active than in spring. The fact that 

DL was not that close to Dmin (compared to the closeness 

between D1 and Dmax) was consistent with more variable 

conditions during organogenesis, related to the number 

of GUs of the AS and climate variability. Together with 

this high polycyclism rate, cones were borne by the last 

GU of some ASs and developed in winter. Cones are 

supposed to be borne by the first GU of the year (Millet 

2012) and always develop in spring. This suggests that 

at our site, and thanks to warm autumns, the conditions 

were favourable enough to enable a GU, scheduled for 

the following year, to start its elongation at the end of 

the autumn or in winter. Such a GU should have a larger 

pith diameter than the previous GU. This confirms the 

observation in the same region of an increasing 

proportion of shoots from Aleppo pine starting their 

growth in autumn to finish it in spring, in the last decade 

(Vennetier et al. 2011).  

Finally, the change in pith diameter along the AS 

ought to be the signature of the difference in GU 

preformation conditions. This could help in dating GUs 

Author-produced version of the article published in Trees, 2015, 29 (6), 1827-1836. 
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in addition to the usual markers such as scale scars, 

cones or branches, which can be missing or difficult to 

read, and when cones appear on several successive GUs. 

It can also be helpful if other criteria such as the relative 

length of the first GU of the year and the last GU of the 

previous year are not clear, and when the first ring of 

the last GU is almost invisible (Figure 

9).

 

Shoot length is correlated to the pith diameter of the 

first GU 

Our study showed a correlation between the initial pith 

diameter and the total AS length (Figure 7). This 

relation may partly reflect the fact that the first GU 

corresponded to the elongation of the shoot preformed 

in the bud. Thus before elongation, the meristem had a 

definite number of phytomers, which determined 

potential growth. If conditions are unfavourable during 

year n, the bud for year n+1 will have low potential for 

length growth, due to a reduced number of phytomers, 

and a smaller pith diameter also predetermined by the 

same poor conditions. This hypothesis is consistent with 

the delayed response of tree architectural development 

and shoot length growth to the climate for Aleppo pine 

(Girard et al. 2010; Girard et al. 2011), but also for 

Scots pine (Pinus sylvestris L.) in the same region (Vila 

et al. 2001) and in other countries (Mäkinen 1998). On 

the other hand, the elongation of preformed phytomers 

also depended on the climate of the AS growth year. 

Under stressful conditions, the shoot may not reach the 

potential length (residuals below 0 in figure 8), and 

under favourable conditions the shoot optimizes the 

potential length (residuals above 0). Moreover, when an 

AS was composed of more than two flushes, the third 

and later flush were probably determined during this AS 

elongation so that the final AS length depended on both 

the previous and current year. This explains why the 

correlation between the proximal pith diameter and 

shoot length was quite weak, although significant. 

The annual distribution of the residuals for the relation 

linking pith diameter and annual shoot length (Figure 

8), as well as their high variability within each year, 

highlights the interaction between the current and 

previous year in shoot length in this correlation. For 

both species and all provenances, from 1998 to 2000, 

the residuals were below 0. This corresponds to the 

juvenile phase: the plants mainly develop their roots and 

there is no competition so secondary growth is 

promoted before primary growth (Schenk and Jackson 

2002). During the mature phase, the trees endured 

contrasting years: 2003 to 2007 were dry years whereas 

2002 and 2008 were wet. In 2008, the high mean value 

of residuals corresponded to low pith diameter values, 

 
Figure 9 Help of pith diameter profile in dating GU 

The upper chart plots the GU length, the other plots the pith 
diameter profile for the same individual. The vertical dotted 
lines correspond to the limit between two ASs. Each peak is 
assumed to be the first GU of a year. The pith diameter 
enables a reduction in dating error (for instance the GU 
length would indicate the last GU of the year for the 20th 
GU, but the pith diameter corresponds to the first GU). 
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induced by a very bad year in 2007, along with a long 

shoot, promoted by the favourable climate, which 

allowed good elongation of preformed GUs and the 

development of additional GUs. Low values over the 

2004-2007 period may have been due to the significant 

reduction in polycyclism over those years (Girard et al. 

2011), holding back shoot length, and leading to weak 

elongation of preformed GUs. 

Similarly, it was possible here to characterize 

the juvenile phase and the mature phase from the pith 

diameter profile according to the year. Indeed, in the 

first years of studying the trees, corresponding to the 

establishment phase, the initial pith diameter increased 

with time together with the annual shoot length. Then a 

plateau occurred, corresponding to a more mature tree 

phase. Thus a wood cross-section contains information 

about primary growth with the pith diameter, and 

secondary growth with the tree rings. 

 

Conclusion 

We showed that the pith diameter generally decreases 

along the annual shoot, as a probable response to 

environmental conditions during bud formation: the first 

growth units of an annual shoot are preformed in the 

bud during the autumn of the previous year under 

favourable conditions, whereas the last growth units are 

often preformed under stressful conditions, and compete 

with the elongation of the previous growth unit. This is 

consistent with the fact that under Mediterranean 

climate, summer is dry and autumn is wet. This could be 

different in a different type of climate. This 

phenomenon can be very useful for retrospectively 

measuring the architecture on Aleppo pine and Turkish 

pine. Pith diameter measurements can also be non-

destructive through the use of X-ray techniques. 

However, there were quite a lot of exceptions to the 

general trend. The dates and conditions of GU 

morphogenesis in buds are not accurately known. They 

greatly depend on site conditions and branch vigour 

leading to highly variable polycyclism patterns and 

numbers of growth units. This study therefore needs to 

be repeated at less fertile sites and with a simultaneous 

study of bud content over the year. We also found that 

the annual shoot length was correlated to the proximal 

pith diameter, although many interactions between the 

climate of two successive years may weaken this 

correlation.  

The pith diameter profile along annual shoots is thus 

able to provide useful information about environmental 

conditions and tree growth processes. It could also be 

used to improve the analysis of climate change impacts 

on plant development, by factoring out some age-related 

variations in tree growth such as the drift in axis vigour. 

It can help the retrospective analysis of tree architecture 

to provide longer chronosequences. 

Retrospective analysis provides information for forest 

management (Caraglio et al. 2007), for carbon 

partitioning within a tree (Godin 2000, Rutishauser et 

al; 2011) and for dating tree populations (Zalmea et al. 

2012). 
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